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Abstract—Hybrid analog/digital precoding in millimeter-wave
(mmWave) multi-input multi-ouput (MIMO) systems is capable
of achieving the near-optimal full-digital performance at reduced
hardware cost and power consumption compared to its full-RF
digital counterpart. However, having numerous phase shifters
is still costly, especially when the phase shifters are of high
resolution. In this paper, we propose a novel twin-resolution
phase-shifter network for mmWave MIMO systems, which re-
duces the power consumption of an entirely high-resolution
network, whilst mitigating the severe array gain reduction of
an entirely low-resolution network. The connections between
the twin phase shifters having different resolutions and the
antennas are either fixed or dynamically configured. In the
latter, we jointly design the phase-shifter network and the hybrid
precoding matrix, where the phase of each entry in the analog
precoding matrix can be dynamically designed according to the
required resolution. This method is slightly modified for the fixed
network’s hybrid precoding matrix. Furthermore, we extend
the proposed method to multi-user MIMO systems and provide
its performance analysis. Our simulation results show that the
proposed dynamic hybrid precoding method strikes an attractive
performance vs. power consumption trade-off.

Index Terms—Dynamic hybrid precoding, twin-resolution
phase-shifter network, millimeter-wave communication.

I. INTRODUCTION

ILLIMETER-wave (mmWave) solutions have become

one of the key techniques for next-generation wireless
communication systems [1]-[3]. Having plenty of bandwidth
at mmWave frequencies relieves the scarcity of spectral re-
sources caused by the explosive growth of data traffic and elec-
tronic devices [4]. Nevertheless, mmWave signals inevitably
suffer from high path loss [5]. Fortunately, the short wave-
length of mmWave carriers enables the application of compact
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antennas and further guarantees the integration of large-scale
antenna arrays in a compact physical size [6]-[11]. Conse-
quently, massive multi-input multi-output (MIMO) schemes
constitute promising techniques for mmWave communication
systems, where the high beamforming gain of large antenna
arrays is capable of counteracting the high path loss [12]-
[14]. However, in conventional fully digital MIMO structures,
each antenna is supported by a dedicated radio-frequency (RF)
chain, which will lead to unaffordable hardware cost and
power consumption.

A. Literature review

Hybrid precoding comes to rescue in circumventing this
problem [15]-[20]. It divides the fully digital precoding into
two parts, including analog precoding and digital precoding.
The transmit signals are processed by precoding both in the
digital and analog domains for attaining both high multiplex-
ing and beamforming gains. In [15]-[18], hybrid precoding
techniques have been conceived for mmWave point-to-point
MIMO systems. El-Ayach et al. in [15] propose an orthogonal
matching pursuit (OMP)-based method to design the hybrid
precoder. Rusu et al. in [16] propose an optimization method
for designing hybrid precoders by minimizing the Euclidean
distance between the fully digital solution and the hybrid
precoder. Zhang et al. in [17] adopt penalty decomposition
methods for designing the hybrid precoder of wideband sys-
tems relying on orthogonal frequency division multiplexing
(OFDM). Alkhateeb et al. in [18] propose efficient hybrid
analog/digital codebooks and a corresponding near-optimal
hybrid precoding method for wideband mmWave systems.
Furthermore, the authors of [19], [20] study the benefit of
hybrid precoding methods in mmWave multi-user MIMO
(MU-MIMO) systems. A codebook based method is proposed
in [19], where the columns of the analog precoding matrix
are selected from a codebook for maximizing the bandwidth
efficiency, while the digital precoder is designed based on
the zero-forcing (ZF) method for eliminating the interference
among users. The authors of [20] design a hybrid precoder for
a scenario, when each user is supported by several RF chains.
An iterative matrix decomposition-aided block diagonalization
method is proposed for eliminating the inter-user interference.

However, the aforementioned hybrid precoding methods
assume that phase shifters are of infinite or high resolutions.
Since numerous phase shifters are required, they impose
high power consumption and hardware complexity. Therefore,



using low-resolution, low-cost phase shifters is preferred for
practical systems [21]-[27]. Chen et al. in [21] propose a hy-
brid transmit precoding (TPC) scheme based on joint iterative
training and low-resolution phase shifters, where the iterative
training used converges to the dominant steering vectors that
align with the direction of the highest channel gain. Shi
and Hong in [22] propose a penalty dual decomposition
method for designing hybrid TPC aiming for maximizing
the bandwidth efficiency. Chen in [23] proposes an iterative
algorithm for finding the desired discrete phases that maximize
the bandwidth efficiency. Sohrabi and Yu in [24], [25] conceive
a heuristic hybrid beamforming design, which achieves near-
optimal performance in terms of throughput in point-to-point
MIMO systems and in multi-user multiple-input single-output
(MU-MISO) systems. Wang et al. in [26], [27] propose
an iterative algorithm, which successively designs the low-
resolution analog precoder and combiner, aiming for condi-
tionally maximizing the bandwidth efficiency. Nevertheless, all
phase shifters are considered to be of low resolution, which
leads to severe array-gain loss. In addition to using phase
shifters that are digitally controlled, passive analog precoders
are adopted for constructing hybrid precoding. Tan et al
[28] adopt a discrete Fourier transform (DFT)-based analog
precoder and investigate the achievable rate of MU-MISO
systems in Rayleigh fading channels. Furthermore, Han et al.
[29] utilize the cost-effective Butler matrices for enhancing
DFT-based systems and propose a two-step hybrid precoding
scheme for MU-MIMO systems, which achieve near-optimal
performances despite substantially reducing the complexity
of the conventional exhaustive search. However, compared
with phase shifter based systems, the bandwidth efficiency of
passive analog precoders is limited when a small amount of
RF chains are adopted.

B. Contributions

We propose a twin-resolution phase-shifter network together
with a dynamic hybrid TPC method for striking a compelling
performance vs. power consumption trade-off. The main con-
tributions of this paper are summarized as follows:

1) For simplicity, we assume that the numbers of high-
and low-resolution phase shifters are equal to each
other. Thus, we propose to replace half of the high-
resolution phase shifters with low-resolution ones in
the conventional entirely high-resolution network and
acquire our proposed twin-resolution network, which
reduces the power consumption of the entirely high-
resolution network and compensates for the severe array
gain loss of the entirely low-resolution network. Two
types of twin-resolution phase-shifter networks are con-
sidered, namely a fixed network and a dynamic network.
For the fixed network, we fix the connections between
the twin-resolution phase shifters and transmit antennas
(TAs), while in the dynamic network, the connections
are dynamically configured with the aid of a mapper
between the twin-resolution phase shifters and TAs. Note
that a certain TA can be flexibly connected to either
a high- or low-resolution phase shifter in the dynamic
network.

2) For the proposed dynamic twin-resolution phase-shifter
networks, we aim for maximizing the bandwidth ef-
ficiency and propose a dynamic hybrid TPC method
by jointly designing the mapper in the network and
the hybrid TPC matrix. Specifically, we derive the
relationship between the bandwidth efficiency and each
entry in the analog TPC matrix. Then we propose an
iterative method for jointly designing the entries in the
analog TPC matrix and the mapper. Specifically, we first
determine the mapper for low-resolution phase shifters
and quantize the phases of the corresponding entries
in the analog TPC at a low resolution. Afterwards, we
design the phases of the remaining entries having high
resolution. The proposed dynamic hybrid TPC method
can be slightly modified for employment, when a fixed
phase-shifter network with fixed mapper is adopted.

3) In MU-MIMO systems, we eliminate the inter-user in-
terference by the classic block diagonalization method in
the baseband TPC matrix design. We further characterize
the bandwidth efficiency in a form, which is composed
of the bandwidth efficiency in the absence of inter-user
interference and the bandwidth efficiency erosion caused
by inter-user interference. We propose to jointly design
the analog TPC matrix and the mapper by maximizing
the former. Our simulation results demonstrate that the
proposed dynamic hybrid TPC method achieves higher
energy efficiency (EE) than its traditional counterparts.

4) Furthermore, we provide the performance analysis of
the proposed method. To derive the bandwidth efficiency
gap between the proposed method relying on our twin-
resolution phase-shifter network and the fully digital
solution, we sequentially replace the entries of the fully
digital TPC matrix by that of the hybrid TPC matrix
derived. The bandwidth efficiency gap equals to the
summation of all bandwidth efficiency variations during
the process of replacement.

The remainder of this paper is organized as follows. In Section
I, our system and channel models are introduced. In Section
III, our twin-resolution phase-shifter networks are presented.
In Section IV, we propose our dynamic hybrid TPC method
for mmWave point-to-point MIMO systems and provide its
performance analysis. In Section V, we extend the proposed
method and performance analysis to MU-MIMO systems.
In Section VI, numerical results are provided. Finally, our
conclusions are drawn in Section VII.

Notation: Lower-case and upper-case boldface letters denote
vectors and matrices, respectively. (-)T, ()H, ()7 and ()T
denote the transpose, conjugate transpose, inverse and pseudo-
inverse of a matrix, respectively. ¢r(-) presents the trace
function. diag(-) extracts the diagonal element of a matrix into
a column vector. |- || denotes the Frobenius norm of a matrix.
|a| is the absolute value of a scalar. |A| is the determinant of
a matrix. A(;.) and A(. ;) represent the i-th row and j-th
column of the matrix A, respectively. The operator o denotes
the Hadamard product. Finally, Ip» denotes the identity matrix
of size P x P.
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Fig. 1. Tllustration of mmWave point-to-point MIMO systems.

II. DOWNLINK SYSTEM AND CHANNEL MODEL

In this section, we will introduce our system model and
channel model for both mmWave point-to-point MIMO and
MU-MIMO systems.

A. MmWave Point-to-point MIMO Systems

Firstly, we will introduce the mmWave point-to-point MI-
MO downlink (DL) considered. As shown in Fig. 1, the
base station (BS) communicates with the user through Npg
TAs and Nrp RF chains. The user is equipped with Nyg
receiver antennas (RAs) (fully digital structure). The number
of data streams is Ng. The transmit signal is defined as
s = [s1,82,---,sn.]" € CN+*! with normalized power, i.e.,
E [ss"'] = I,. The transmit signal at the BS is firstly precod-
ed by the low-dimensional baseband TPC Fgp € CVrexNs,
Then, the digitally-precoded signals Fgps are processed by
the analog precoder, which is accomplished by the phase-
shifter network. There are Nry groups of phase shifters and
each group has Npg phase shifters. The phase-shifter network
will be discussed in Section III. The analog TPC is expressed
in a matrix form, i.e., Frp € CVBsXNrF Dye to the hardware
constraint of phase shifters, the entries of the analog TPC
matrix are discrete as in Fry (1,7) = N#Bej‘mvf, where ¢;
is the discrete phase caused by the limited resolution of the
phase shifters. The hybrid TPC satisfies the power constraint
of |FrrFpg||% = N;. After hybrid TPC, the transmit signal

is expressed as
x = | L FrpFpps )]
N ’

where p is the transmit power.

A narrow-band mmWave channel model H € CNvs*Nes
is adopted where uniform planar arrays (UPAs) of antennas
are employed both at the BS and the user. We adopt the
physical multi-path channel model having L paths for narrow-
band mmWave systems, which is widely used in [15], [25],
[27],

NpsNas
H = [ =20 ovaws (0], 07) alls (06.6) . ()
=1

where ay ~ CN (0, 1) is the complex gain of the ¢-th path. The
vectors aps (¢5,05) € CVes*1 and ays (¢}, 05) € CNusx1
represent the antenna array responses at the BS and the user,
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Fig. 2. Illustration of mmWave MU-MIMO systems.
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where ¢} and ¢} denote the azimuth and elevation angle-
of-departure (AoD), A represents the wavelength, and d is
the antenna spacing. Furthermore, m € {0,1,--- , W — 1}
and n € {0,1,--- ,H — 1} with W and H denoting the
number of antennas in horizontal and vertical directions.
Similarly, ams (¢}, 6}) can be expressed in the same form as
(3) by replacing ¢} and 6} with ¢}, and 6}. Typically, we set
NS = min {L, NRF}~
The received DL signal is expressed as

y = ,/NLHFRFFBBs +n, )

where n ~ CN (0,02T) € CMvsx! The received signal at the
user is combined by the full-digital combiner W € CNusxNs,
Thus, we have

r=, /NLWHHFRFFBBS +Whn, (5)

The bandwidth efficiency R achieved with Gaussian signal-
ing over the mmWave point-to-point MIMO channel can be
expressed as [15]

R =log, ( Iy, + Np ZR_1WHHFRFFBBF‘§BF§FHHWD :
sO
(6)
where R = WHYW is the noise covariance matrix after

combining.

B. MmWave MU-MIMO Systems

In this subsection, we will consider mmWave MU-MIMO
DL systems. As shown in Fig. 2, the BS transmits in the
DL to U users through Ngg TAs and Nrr RF chains. Each



user is equipped with Nyis RAs (fully digital structure).
The number of data streams at the BS is N, = UM,,
where M, is the number of data streams at each user. In
our MU-MIMO systems, the DL transmit signal is s =
[817 Ty SMgy 5 SU(M—1)415 " ,SUMS]T € CNs*1, The
baseband TPC at the BS is divided into U submatrices and we
have Fpp = [Fhp, Fip, -, FYp| € CN<*UM: where each
submatrix is defined as Fgg = Fpp(: (u—1)M,+1:uM,)- The
hybrid TPC satisfies the power constraint of |FrpFpg|/% =
Ng.

The DL channel H,, € CNMs*NBs petween the BS trans-
mitter and the u-th receiver is expressed as

L
| Ngs NV, =
H, = 7]3; NS § Oy 0 AMS (452,27 92,@) ags (¢Z,@v etu,f) )

u =1
(7

where L, and «,, are the number of propagation paths

and complex path gains. The vectors ayg ((;527@,0;,[) and

apg (qﬁzyz, 9;74) represent the antenna array responses at the
u-th user and the BS.

At the receiver, each user combines the received signal with
the aid of the full-digital combiner W,, € CNvsXMs The
received signal at the u-th user after combining is expressed
as

ry =, /NinguFRFFBBs + Whp,. (8)

The bandwidth efficiency R, for the wu-th user achieved by
Gaussian signaling over the mmWave MU-MIMO channel is
expressed as [21]

M-

R R,
u=1
U

= log, ( In, + NiRglnguFRFFgB
u=1 s
(Fi)" iy HIW, ) ©)
U i i \H
where R, = Zi:l,i;&u WL H, FrrFip (FBB) F%FHE

W, + c*WHW,, represents the interference-plus-noise co-
variance matrix.

III. PROPOSED TWIN-RESOLUTION PHASE-SHIFTER
NETWORK

In this subsection, we will propose two types of twin-
resolution phase-shifter networks.

A. Fixed Twin-Resolution Phase-Shifter Network

In order to reduce the hardware cost and power con-
sumption, while maintaining high bandwidth efficiency, we
propose to utilize twin-resolution phase shifters. For simplicity,
both the number of high- and low-resolution phase shifters
are assumed to be half the total. We use the phase-shifter
array pattern of Fig. 3 for characterizing the phase shifter
network. As shown in Fig. 3, the colored circles in the pattern
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Fig. 3. Ilustration of the proposed fixed twin-resolution phase-shifter
network and phase-shifter array’s pattern.
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Fig. 4. Tllustration of the fixed twin-resolution phase-shifter array’s pattern:

(a) horizontal; (b) vertical; (c) interlaced; (d) random.

correspond to the colored high-resolution phase shifters, while
the hollow circles represent the low-resolution phase shifters.
The phase-shifter array pattern is of size Ngg x Ng. The j-
th column in the pattern represents the corresponding phase
shifter group connected to the j-th RF chain. In each column,
the circle at the ¢-th row corresponds to the phase shifter
connected to the i-th antenna. Furthermore, in Fig. 4, we show
four typical twin-resolution phase-shifter array patterns. Fig. 4
(a) shows the horizontal pattern, where all phase shifter groups
have the same pattern. Fig. 4 (b) shows a vertical pattern. In
this pattern, the phase shifter group connected to a certain
RF chain is either entirely high-resolution or entirely low-
resolution. Furthermore, an interlaced pattern is shown in Fig.
4 (c), where any two adjacent points have different resolutions.
The above three phase-shifter array patterns are regular. By
contrast, a randomly generalized pattern is shown in Fig. 4
(d). Next, we will propose a dynamic twin-resolution phase-
shifter network in the next subsection, where the phase-shifter
array pattern can be dynamically reconfigured.

B. Dynamic Twin-Resolution Phase-Shifter Network

In this subsection, we propose a dynamic phase-shifter
network. As illustrated in Fig. 5, each phase shifter group
contains % high-resolution phase shifters and % low-
resolution phase shifters. Distinguished from the fixed net-
work, the mapper in our dynamic network can be dynamically
configured, which can be characterized by the phase-shifter
array pattern as well. For instance, the corresponding pattern

is depicted in Fig. 5.
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Tllustration of the proposed dynamic twin-resolution phase-shifter

The dynamic mapper can be implemented by providing
switches between the phase shifters and the TAs, which is
motivated by [30]-[32]. In our dynamic twin-resolution phase-
shifter network, each phase shifter is connected to Npg “on-
off” switches, which can connect the phase shifter to the
required TA. The total number of required switches is N3¢ N;.
However, during the transmission, only one of the Npg
switches is activated for connecting a phase shifter to a TA,
as illustrated in Fig. 5. The power consumption of switches,
which remain “off”, is negligible compared to that of the
active switches [33]. Therefore, the number of active switches
is NpgN. Moreover, some recent studies on switch-based
systems justify the feasibility of implementing large number of
switches in MIMO systems [33]-[35]. The implementation of
switches has low power consumption and low insertion loss
[35]-[38]. Furthermore, the dynamic twin-resolution phase-
shifter network strikes a beneficial performance vs. complexity
trade-off [38], the high bandwidth efficiency and energy effi-
ciency brought about by the dynamic phase-shifter network
indicates that the switches are indeed beneficial as detailed in
Section VI.

In the twin-resolution phase-shifter networks, the number
of quantization bits in the high-resolution phase shifters is
denoted by By and that of the low-resolution phase shifters
is denoted by By,. The discrete phases of the high-resolution
and low-resolution phase shifters are included in the sets Qg
and Qy,, respectively. Furthermore, we define the index sets of
high-resolution and low-resolution phase shifters in the phase-
shifter array pattern as Sg and Sp, respectively. We have
|Su| + |S1.| = NesNs.

In the next section, we will propose a dynamic hybrid TPC
method for the dynamic phase-shifter network, which can be
slightly modified to construct a fixed network.

IV. PROPOSED DYNAMIC HYBRID PRECODING FOR
MMWAVE POINT-TO-POINT MIMO SYSTEMS

We make the idealized simplifying assumption that the
downlink CSI is known [35]. In order to decouple the TPC
and combiner design at the BS and the user, we assume
that the user employs the optimal unconstrained combiner
Woept = U 1:n,) [16], where U is the left singular matrix of
the channel matrix H. Consequently, the bandwidth efficiency

in (6) is rewritten as

R =log, (‘INS + LV‘/fptHFRFI*"BBFEBFEFHHVVopt

Nyo?
(10)

)

The hybrid TPC design is divided into two steps. Firstly, for
a given analog TPC Fgry, the digital TPC is designed for
eliminating the interference among data streams. Afterwards,
we iteratively design the entries of Frp, which is realized
by the twin-resolution phase shifters. We formulate the hybrid
TPC design problem as

P H
1 1 WH HFReF
plhax log <‘ N, + N,o2 ¥ opttFRFL BB
FppFreH'"Won|)  (11a)
st. ||FrrFpsl% = N, (11b)
1
|Frr (4,7)| = . (11c)
vV NBs

For a given Frp, we adopt the baseband TPC matrix Fpp
according to the popular SVD-based method [15] and multiply
it by a coefficient as

N
FBB = . Veff: :Ng)» (12)
\/FRFVeff(:,1;NS)||2F (1
where Vg is the right singular matrix of H.g. This satisfies
the power constraint of |[FrpFpg||% = Ns.

A. Joint Design of the Phase-shifter Array Pattern and Analog
TPC

In this subsection, we propose a dynamic hybrid TPC
method for jointly designing the phase-shifter array pattern
and the analog TPC for the dynamic phase-shifter network.
Note that the proposed method can also be applied in the
fixed phase-shifter network.

According to the above discussion, Fpp satisfies the pow-
er constraint in (11) and FpgFhiy = I, where v =

N, . Then the optimization problem in (11) is

IFRF Vst 1m0 17
equivalently transformed as

A= H +yH
rgg;{ log, (‘INS + N.o? HFgrFiprH ) (13a)
t [Fre (5 = — (13b)
S.T. RFE (L, ]) = s
vV Ngs

where H = Wi H. It is worth mentioning that this is a
non-convex problem due to the non-convex constraints on the
entries of Frp formulated as |Fgryr (4,J)| = 1\1/133' Thus, we
propose a entry-by-entry design method for conceiving the
joint design of Frr and the phase-shifter array pattern. We
approximate the problem (13) in the high-SNR regime as in

[27]

max  log, (‘ﬁFRFFﬁFﬁH’) (14a)
Frr

. 1
st. |Fgrr(i,j)] = (14b)

VNgs'



We propose to jointly design the phase-shifter array pattern
and the quantized phases of the entries in Frp. Specifically,
Frr is initialized as Frr = Fop [37], where Fop¢ is com-
posed of the NN, largest right singular vectors of the channel
matrix H, i.e., Fopy = V(. 1.n,). Note that Fyp is only used
for initialization and calculation, while the finite-resolution
phase shifters are configured according to the quantized phases
in Frp. Once the index sets Sy and Sy, are determined, the
corresponding phase-shifter array pattern is acquired. Thus, we
reformulate the problem of designing the phase-shifter array
pattern as the design of the index sets. For our dynamic twin-
resolution phase-shifter network, we propose to derive first
the low-resolution phase-shifter array pattern Sy,. Then Sy is
acquired as the complementary set of Sp,. We initialize Sy, to
be an empty set, i.e., Sp, = .

In order to strike a performance vs. complexity trade-off,
we propose to design S, and the low-resolution phase shifters
in S, on a column by column basis. Specifically, we divide
Sy into N subsets as S, = {S},S2,---, S8}, where S},
denotes the index set of the low-resolution phase shifters in
the i-th group of phase shifters (i.e. in the i-th column of the
phase-shifter array pattern). We will introduce the design of
the first subset S} and the corresponding first column in the
analog TPC matrix. Then we can adopt the same procedure for
the subsequent design. We calculate the minimum quantization
error of the phases {p; 1 iVZBf of the entries, which are not
designed in the first column of Fry as follows

L,min

q; 1 = arg {nln "pi,l_qL|7i S {1727 aNBS}\SE7
’ q~eQL
(15)

where ¢" denotes an arbitrary element in the discrete low-
resolution phase shifter set Qr. Then we can acquire the
L,min . . .. . .
element g,] in Qp,, which has the minimum quantization
error for a certain phase ;1. Meanwhile, we can determine
the index (i1,1) for the phase ¢;, 1, which has the minimum
quantization error among all entries that are not quantized.
The index is expressed by

1) = . L, min
(i1,1) = argmin |p;1 — 41
(]

(16)
Then we update S; as S; = S} U {(i1,1)}. Meanwhile,

we normalize the amplitude of Fgp (i1,1) as \/1\177]33 and

quantize the phase as qu1 ’Tin, which denotes the corresponding
quantized phase for ;, 1. Thus, we can express the updated
entry in Fryp as

1 L,min

L e
VvV NBs

Frr (i1,1) = (17)

Afterwards, the procedures in (15)-(17) are repeated until both
the joint design of Sf and the updating of the entries in
the first column of Fry is accomplished. We point out that
{‘Pi,l}ij\fﬁigsl in (15) are replaced by {}*™ f\gsigsl during
the iterative erocess and we further rewrite (15) as

L,min

q; 1

max

min |} ;i€ {1,2,---, Ngs}\SL,
LeQg, ’

(18)

= arg — qL

q

where {@}f™ f\; i gs1 are calculated by the associated quan-

tized entries and the other initial entries in Frr for maxi-
mizing (14a). Similarly, ;1 in (16) is changed to ;1. The
process of obtaining {goi“lax}i\i 2 25!

; =1,i¢S}

After we complete the design of S, we can express the
index set of low-resolution phase shifters by

will be discussed later.

Sﬁ:{(ilvl)v(i%l)v'” 7(1'NBS/2’]‘)}‘ (19)
The corresponding updated entries are represented by
1 . L,min
Frr (i,1) = A V(i 1) e S (20)
BS

Afterwards, we continue to design the remaining subsets of St
and the remaining columns of Frp. Finally, we arrive at the
index set S, of low-resolution phase shifters and the quantized
entries formulated as

1 L,min

Wil ey
B

Frrp (Z,j): ,V(Z,]) € SL.
Then a similar method is adopted to design the high-resolution
phase shifters given the known Sy, which is the complemen-
tary set of Sp. For the entry of Frr (4,7) with (i,j) € Sg,
we quantize the phase of Frr (i,j) as ¢; ;" column by
column based on a similar iterative process to that of designing
{Frr (4,7)} (i j)es,- The difference is that S, and Qp, are
replaced by Sy and Qy. Given that Sy is acquired, we only
have to calculate ;" for the entries having unquantized
phases during the design of the j-th column. Then we design
the specific entry whose phase has the minimum quantization
error using a similar procedure to (15)-(17). Finally, we

acquire the quantized entries as

1 . H,min
et (i,j) € Su
o N
P =1 VP @
BJqZ‘J 5 (Za.]) € SL

v Nps

Next, we will propose the calculation method of ;"™ based

on the associated quantized entries and the other initial entries

for maximizing (14a), which is an essential intermediate step

of the proposed dynamic hybrid TPC method. Specifically, we

first derive the relationship between (14a) and Frr (7, j). Then

we partition Fry as

Fre = [Fap e (23)

where F%{F denotes the sub-matrix of Frr with the arbitrary

Jj-th column removed, while f};. represents the arbitrary j-th
column of Frp. We further rewrite (14a) as

10g2 (‘ I/‘\IFRFF%FI/‘\IH ‘ )

) ; (24)

~—i —i \H ~ ~
where C; = HFL (F;F) HY and G; = HY (ly,+
Cj)*1 H with ¢ denoting a small scalar, which guarantees
that the matrix inversion exists [39]. The derivation of (24)

. H .
o, 1€51) + 1oy (|14 () @58




C\H ,
is shown in Appendix A. Since only the term (fFJ{F) G;flp
contains Fgr (i, ), we further decompose it as

_\H )
(fg{F) ijg{F

=|Frr (i,7) 7% Z [Frr (m, j)[ /™7 Gj (i,m)

+[Fre (1,5) 799 3 [Fre (n,)| e 9979 G (n, i)
NBs ] NBs ]

+ Z |Frr (n,j)| e 7% Z [Frr (m, j)] €/ G (n,m)
n#i m#i

+|Frr (4,5)* G; (i, ),

where ¢; ; denotes the phase of Fgrr (¢,7). Then we design
the phase of Frr (i,7) as ZFgrr (4,5) = ;i that maximizes
(25). It is plausible that only the first two terms in (25) contain
©;,5- Since the first two terms are each other’s conjugate, they
have the same magnitudes. Then ;"™ is acquired by the
maximization formulated as:

(25)

max {e—jsoz,jejwa_|_ejw,jej50b}’ (26)

Pi,j
where @, = £ Zm# |Frr (m, j)| e G; (i,m) and ¢}, =
V4 Zgij |Frr (n,7)| €797 G;j (n,i). Furthermore, due to
the fact that G is a Hermitian matrix, we have ¢, = —pp.

Thus, (26) is equal to

max
Pi,j

cos (@ij — Pa) - 27

Finally, we acquire ¢;"** = ¢,. Note that (27) is the solution
in the idealized case that the phase shifters have infinite
resolution. It is simply used for obtaining Fryr during the
proposed dynamic hybrid TPC method.

We summarize the proposed dynamic hybrid TPC method in
Algorithm 1. In steps 2-15, we jointly design the phase-shifter
array pattern and the phases of the entries in Fry. Finally, we
design the digital TPC Fpp in steps 16-17.

We point out that the proposed dynamic hybrid TPC method
can be slightly modified for employment in the fixed phase-
shifter network, when Sy and &j, are predetermined. Note
that in this case, we only have to design the entries in Fryp
according to the fixed pattern. We first propose to obtain
{Frr (4,7)}(i,j)es, column by column. Specifically, during
the design of the first column in Fry, we calculate the optimal
quantized phases {qZ e s1 among the fixed set Sy, ! accord-
ing to (15). Then we update the entry Fryg (i1, 1) according to
(17). We calculate {npma"}i\[ Bls 51 according to (27) for the
subsequent design. Then the demgn of the first column can
be accomplished by repeating the aforementioned procedure.
Afterwards, we continue to design {Frr (i,7)} (i j)es,\s2 for
the remaining columns. After we complete the design of
phase shifters having low resolution, we continue to design
{Frr (4,)}(i,j)esy column by column.

We now proceed with our complexity analysis as follows.
The computational complexity of our proposed method is
composed of two parts, namely the analog TPC design and the

digital TPC design. The digital TPC is acquired by the SVD
of the effective channel Hq¢ at a computational complexity
order of O (NRFN f) During the analog TPC design, as part
of the initialization, we have to compute the SVD of H,
which has the computational complexity order of O (Ngg).
Then, the calculation of C; and G; is executed at an order of
O (Nps (Nrp — 1) N;) and O ( BSN ), respectively, which
are repeated Ny times. Furthermore, the calculation of phases
has the computational complexity order of O (Npg — 1),
which is repeated Ngs Nivw +Nos Nre —2Nns times. Therefore,
the overall complexity order of the proposed algorithm is

16) (NBSNRFN + N2 Npp N, + Y88 N + Nig + NRFN2)

Algorithm 1 Proposed Dynamic Twin-Resolution Hybrid TPC
for MmWave Point-to-point MIMO Systems

Input:

Fopt’ Wopt, H, SHs SL, NBS and N ;

Algorithm design:

1: Initialize Frr as Fope;

2: for j =1: N do

3 Calculate C;, Gj;

4 forv=1: NBS do

5 Jointly update the index set S] according to (15)-(16)

and design {Frr (4,7)} i j)es, as

Calculate {S"max}:v BlS ¢S]

1 .
VNis ’
according to (27);

: end for

: for j=1: N, do
10:  Calculate C;, Gj;
11:  for (i,7) € Sy do

6
7:  end for
8
9

A L. 1 . H,min
12: Design {Frr (4,7)}(i,j)esy as We]qu
13: Calculate goma" for the entries whose phases have not
been quantlzed in the j-th column.
14:  end for
15: end for
16: Calculate the effective channel Hog = WoptHFRp;
. —_— N —_—
17: Calculate Fgg = HFRFVeff(:,l:NS)”%Veﬂ(:71:Ns).

B. Performance Analysis

In this subsection, we will characterize the performance
difference between the fully digital solution and the proposed
method. We sequentially replace the entries of the fully digital
solution with those of the hybrid TPC matrix derived. We cal-
culate the bandwidth efficiency variation in each replacement
step, where the sum of the bandwidth efficiency changes rep-
resents the overall bandwidth efficiency gap between the fully
digital solution and the proposed method. By exploiting the
equation log, (I+ XY) = log, (I+YX), we equivalently



express the bandwidth efficiency as

R = log, ( N,o Wi, HF R FpFip Frp H W )
= log, ( In, + —NpUiFgBFgFMFRFFBB )
— log, ( Iy, + Np = FHMFD (28)

where M = HH WoptWOptH, F = FrpFpp denotes our
hybrid TPC matrix designed. Then we sequentially replace
the entries of F,p¢ by that of F for deriving the bandwidth
efficiency gap between the designed F and full-digital SVD
solution. We denote the TPC matrix before and after the k-
th replacement by F(*~1 and F*) respectively. In the k-th
replacement, the (7, j)-th element in F(*~1) is replaced by the
corresponding element with the index (¢, j) in the hybrid TPC
matrix F derived to generate F(*), where k = (j — 1) Ngp+i.
We define f7 as the j-th column of F and F’ as the submatrix
of F composed of the residual columns. We rewrite (28) as
(29). By exploiting the formula

A A _
[A; Aj = [A1]]As - AsATT AL, (30)
we can arrive at
R =log, (|Dj\ (1 + (fj)Hijj))
=log, (|D;|) + log, (1 + (fj)Hijf) . 3D
—_\H
where D; = In, 1 + 327 (F) MF, Y; = 2:M -

i\ H
N2 -MF’ D_ F’) M. Afterwards, by adopting the equa-
tion in Theorem 2 of [40], we decompose (31) into its element-
wise representation as

= log, (|D;[) +logy (L +€ij + fij +9i5),  (32)
where
NBs Nps
=> > F (m§)Y;(mn)F(nj), (33)
m#i n#i
NBs
fig=2Red | D F*(m, )Y, (m,i) | F(i,5)
= 2[F (4, 5)| [bi,j] cos (i,5 + aiz) , (34)

with ai; = ZF (3,5), by = S 02 F*

ki (m,7)Y; (m,i) and
;= Zb

iy
Y; (2,1)

F (i, 7)]

Therefore, the performance loss in the k-th replacement is
expressed as

Gij = 35)

1+ el + £ 4 gt
RY) = log, ] (36)
1+(k1+fzk1)+(k1)
k .
where 61 o fl( J) and gl(,j) denote the expression of e; ;, fi;

and g; ; in the case when F®) is substituted into (32). Note

U
effu:|:

that we have e(’C Vo= e(k) due to the fact that e; ; is not

related to the (z j) th entry of F. Then we may transform the
performance loss R A) of Eq. (36) into

(k—l) (k) (k)
1+(k1)+fk1)+ (lcl)

Af(k) 4 Ag(k)
l+e +f +gi,j
where we have
k) _ (k) (k=1)
Af( ) = fm‘ *.fm‘
_ o |pk=1) (k) (5 . (D) K
_Q‘bi,j ‘(‘F (%J)’C% (wi,j ‘*‘%‘j)
[P G eos (w7 +al)) . G8)
8g® = o) - g5
_ 1 1
=y -
O Fm ) T FE G
(39

where b(k 2 w(k Y and Y(k b (i,1) do not change because
they are not related to the (z j)-th entry of F. Furthermore,
the bandwidth efficiency gap between the SVD solution and
the proposed dynamic hybrid TPC method is expressed as

NpsNs

R,
; A

V. PROPOSED DYNAMIC HYBRID PRECODING METHOD
FOR MMWAVE MU-MIMO SYSTEMS

Similar to Section IV, we design the combiner for each user
as the optimal SVD solution. The SVD of the channel H,, is
given by H,, = UuZqu. Then the combiner between the
BS and the u-th user is designed as Weptw = Uy 1:0m,)-
The bandwidth efficiency of the u-th user is rewritten as

(40)

R, = 10g2 (’INS + ]5 Ropt lW?pt u

FBB,uF HHngt )

where  Ropti = Zgzl,iyﬁu Wopt JH.FrrFpp tFBB,i
FEHYW oo o + 021,

We first present the design of the baseband TPC for elim-
inating the inter-user interference and the interference among
the data streams of each user, when the analog TPC Fgry is
given. Afterwards, we extend the proposed dynamic hybrid
TPC method to the mmWave MU-MIMO systems.

The effective channel between the BS and the u-th user is
expressed as Heg o, = WH  H, Frp € CM-*N:_ Then we
adopt the classic block diagonalization method for eliminating
the inter-user interference and the interference among data
streams for each user, which is given by [41]

H,FrrFpB.u

(41)

Fpp,, = vu[:,(Uf1)Ms+1:UM5]{}u[:,1:JVIS]a (42)
where V, is composed of the right singular vectors of

eff, 1 [ (Heff,u—l)H ’



P H
R =l I F"MF
o8 (’ Nt Nyo? D
_ P v eil" Ml e
=logy | |In, + N2 F /| M|F
o (7' \iEd o (7 npgd
B v+ 3 (F) MF e, (F)) Mp
=log, N s . (29)
N:’02 (f7)" MF L (£7)" Mf
H
(Hegap) o, (Heg,o)! e CW-DM.xNs  yhich where T, , = In, + Z3He, (Hegro)™,
can be expressed as Heg, = U,X% V" The ma- Rigcal = >u-1108; (|Tu|) represents the ideal case
T e T e tus that no inter-user interference exists. Furthermore,
trix V, is composed of the right singular vectors of R — ZU 1 (I _To pampe vR (H )H)
Heg oV, (v 1)M +tum,) € CMXMe whose SVD is ex- loss = 2u=11982 | |1 Ms eff ,u eff,u
pressed as Flog Vo (. (/1901 4100, = U E V represents the performance loss due to the inter-user
We observe that the right M, columns of V. 1nterfer§nce. . .
e V.. ' exhibit the property  that In this paper, we extend the proposed dynamic hybrid TPC
I'-I.’ v uls, (U=1) Mo+ UM, > 0 for i # u, meaning method to MU-MIMO systems by maximizing Rjgea1, Which
eff,i Y ul:,(U-1)Ms+1:UM,] — )

that the inter-user interference is eliminated. Then we have
Ropes = 021 M,. We normalize the digital TPC at the u-th

user as Fgp, = iViSQFBByu to satisfy the power
’ [FrREFBB,u||%

constraint.
Furthermore, the analog TPC design problem is transformed

U
p
r}r?lg;( uz::l log, (‘INS + WHQH «F'BB uFBB uHeff u >
(43a)
(43b)

as

1
‘FRF (Z7 J ) | \/m .
Note that the proposed dynamic hybrid TPC method cannot
be directly adopted for solving (43) due to the fact that
FBB,quB,u # Iy, . To solve this problem, we embark on fur-
ther derivations. We substitute the digital TPC into the OF and
exploit the property of matrix V that V. 1.0, ]V

s.t.

wl,1:M,] =

I,s,. The OF in (43) can be rewritten as
Zlog2 (’IM +Ap[7“ Hor (Vo V, - V) Hig, )
u=1 )
where v, = N is the coefficient that satisfies the

HF‘RFf‘E»}s,uH2 H
power constraint, and V,, = V. 1. w-1)m.] V1o -1)m.]-

Afterwards, we exploit the property of V, that V,,V,,
and further rewrite (44) as

Z 108, (

u=1
U
Z (logy (ITw|) +
u=1

log, (

= Rideal + Rlossa

:INS

Ty, + Plu

~ s He JH
N ff, eff,u ™

PYu
M,o?

Hcf'f uV Heff u

)

PYu

Tl
“ Ngo

Iy, — 5 Hefr uV Heff u

))

(45)

can be expressed as

U
PYu H
1 I He v (Heg o
S o A rd))
) (46a)
st. |Frr(i,j)| = . (46b)
‘ RF( )| NBS

Specifically, we partition Fry into U submatrices, yielding
Frr = [Frr,1,Frr 2, -, Frr,u]. We propose to divide the
design into U steps. In the u-th step, we utilize the proposed
hybrid TPC method to design the submatrix Fry ,. Thus, the
subproblem in each step is given by

PYu H
I I Heg o (Heg o 47
fosx 0g2<’M+NU i u (Hett,u) ) (472)
s.t. |FRF,u (i,5)| = (47b)

Nps '

We then exploit the relationship of log, (I+ XY)
log, (I +YX) and approximate the problem in the high-SNR
regime as

max  log, (‘ﬁuFRF,qupyuﬁg) (48a)
st [Frpa (i) = e, (48b)
' NBs
where H =W, .H,

It is observed that the problem of hybrid TPC design
in mmWave MU-MIMO systems is transformed into U
subproblems, each of which has the same form represent-
ing mmWave point-to-point MIMO systems. Therefore, the
proposed dynamic hybrid TPC can be adopted to accom-
plish the design. The initial RF TPC is set as Frp =
[Fopt,lyFopt,Qa" : 7F0pt,U]s where Fopt,u = Vu(:,lzl\ls)' In
the u-th step, we jointly design the phase-shifter array pattern
and the quantized phases of the entries in Frg, using the
same procedure as in (15) - (22). Similar to the perfor-
mance analysis of mmWave point-to-point MIMO systems,
we present the bandwidth efficiency gap between the fully



digital solution F ., and our proposed dynamic hybrid TPC
method. We define F,, = FrrpFgp,. The RF TPC matrix
before and after the k-th replacement in the u-th step are
denoted by Fg‘F’kfl) and F%‘F”“), respectively. We substitute
them into (32)-(39) and acquire the bandwidth efficiency
difference Rg’k) during a single replacement. Furthermore,
the bandwidth efficiency gap between the SVD-based fully

digital solution and the hybrid TPC method is expressed as:

U NpsNs
Ra=Y > RYM. (49)
u=1 k=1
For the MU-MIMO case, calculating the baseband

TPC reguires the SVD of the effective channels
{Hegr u},_, and {HcH,uVu[:,(U—l)]V[S+1:U]Ms]};J: :
The complexity is on the order of O [U (U — 1)M§]1
and UM?, respectively. The design of the analog TPC
in MU-MIMO systems is accomplished by executing
the proposed method in point-to-point MIMO systems
U times. Thus, the overall complexity of the proposed
algorithm for MU-MIMO systems is on the order of
O (UNps M + UNGgM? + EYENRr o NG 4 U213
+UM3).

VI. NUMERICAL RESULTS

In this section, we provide simulation results for the pro-
posed hybrid TPC design relying on our twin-resolution phase
shifters in both mmWave point-to-point MIMO systems and
MU-MIMO systems.

A. Simulation Results of MmWave Point-to-point MIMO Sys-
tems

Firstly, we consider mmWave point-to-point MIMO system-
s. The transmitter has Ngg = 8 x 8 TAs and the receiver has
Nyms = 4 X 4 RAs. The number of RF chains at the BS is
set to Ngr = 4. The number of data streams N, is set to 4.
The number of propagation paths is 8. The azimuth AoD ¢}
is uniformly distributed in the interval [—m, 7) and elevation
AoD 6j is uniformly distributed in the interval [—%, %) [19].

We compare the bandwidth efficiency of different phase-
shifter networks in Fig. 6. Our simulation results illustrate
that the random, interlaced and horizontal fixed networks
have similar performance and they outperform the vertical
fixed network. As expected, the dynamic phase-shifter network
outperforms the fixed networks, hence, we adopt the dynamic
twin-resolution phase-shifter network in the following simula-
tions.

Fig. 7 shows the bandwidth efficiency versus SNR. We
simulate the bandwidth efficiency in 5 cases. The high res-
olution By is set to 3 bits while the low resolution By, is
set to 1 bit in the simulations. For comparison, we plot the
bandwidth efficiency of the entirely high-resolution phase-
shifter network and of the entirely low-resolution phase-shifter
network. Note that the index set Sp, is an empty set and
Sy contains all entries in the analog TPC matrix, when
an entirely high-resolution phase-shifter network is adopted.
Furthermore, the fully digital SVD solution is also shown in

50

45 — — —SVD
—&— Dynamic
—A— Fixed - Random
40 F —O©— Fixed - Interlaced
—<— Fixed - Horizontal
—7/— Fixed - Vertical

351+

30

Bandwidth Effeciency (bps/Hz)

17.96 17.98 18 18.02 18.04

0 2 4 6 8 10 12 14 16 18 20
SNR(dB)

Fig. 6. Bandwidth efficiency of the different phase-shifter networks. Npg
=64, Nms = 16, Nrp =4, Ns = 4.

Fig. 7. It is observed that the twin-resolution phase-shifter
network achieves a bandwidth efficiency close to that of the
entirely high-resolution phase-shifter network. As expected,
the twin-resolution phase-shifter network also outperforms the
entirely low-resolution phase-shifter network. We also plot the
bandwidth efficiency of the moderate-resolution phase-shifter
network, where the moderate resolution By is set to 2 bits. As
illustrated in Fig. 7, the proposed twin-resolution phase-shifter
network has a higher bandwidth efficiency than the moderate-
resolution one.

Our energy efficiency comparison is illustrated in Fig. 8.
The power consumption of the high-resolution phase shifter
is P, = 15mW [30], that of the moderate-resolution phase
shifter is P,, = 14mW [42] and that of the 1-bit low-resolution
phase shifter is P, = 10mW [43]. The power consumption of
switches is Pgyy = 1mW [44]. For the twin-resolution phase-
shifter network, the energy efficiency of our twin-resolution
phase shifter network is defined as

EETr
B R
p+ Pap + Ny Prp + 2558 P, + N8s8e P - Npg N, Pow’
(50
where Pgg = 250mW and Prr = 300mW [43] are the

power consumption of the baseband processor and of a single
RF chain. Similarly, the energy efficiency of entirely high-
resolution, moderate-resolution or 1-bit low-resolution phase-
shifter network is given by

R
B p+PBB+NsPRF+NBSNsP0,

EE, (51)
where o € {h,m,l} denotes the high-, moderate- or low-
resolution phase shifters. The noise power is set to o2 = 1.
The transmit power p ranges from 0.5W to 3W. It is observed
that although the bandwidth efficiency is a little bit lower than
that of the entirely high-resolution phase-shifter network, the
twin-resolution phase-shifter network is more energy-efficient.
In Fig. 8, we also observe that the energy efficiency of the
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Fig. 8. Energy efficiency vs. p in mmWave point-to-point MIMO systems.
Nps =64, Nys = 16, Nrp =4, No =4, 02 = 1.

twin-resolution phase-shifter network is higher than that of
the moderate-resolution network.

We compare the bandwidth efficiency and energy efficiency
of our proposed twin-resolution phase-shifter network based
system and the other two low-complexity hybrid TPC sys-
tems, namely the switch-based system [30] and the partially-
connected system [45]. In switch-based systems, the low-
complexity switch-based network is adopted for analog TPC.
The OMP-based method is adopted for designing the hybrid
TPC of the switch-based systems. In the partially-connected
phase-shifter network, each RF chain is connected to a single
sub-array having %2; antennas. The successive interference
cancellation (SIC)-based method is adopted for designing the
hybrid TPC in the partially-connected systems. For energy
efficiency comparison, we set the resolution of the phase
shifters in partially-connected network to 3 bits. All other
parameters are the same as those in Fig. 7 and Fig. 8. As shown
in Fig. 9 and Fig. 10, our proposed twin-resolution phase-
shifter network based system outperforms both the switch-
based system and the partially-connected system both in terms
of its bandwidth efficiency and energy efficiency.
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Fig. 9. Bandwidth efficiency of different systems. Ngg = 64, Nyis = 16,
Ngryr =4, Ns = 4.
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B. Simulation Results of MmWave MU-MIMO Systems

In MU-MIMO systems, the energy efficiency of our twin-
resolution phase shifter network is defined as

EETR-MmU =
R
p+ Pgp + UM Pgp + Y828Me (P + P)) + UNpsM, Psw’
(52)

and that of the entirely high-resolution or 1-bit low-resolution
phase-shifter network is given by

R
p+ Pgg + UM Prp + UNgsM,P,’

There are 2 users in the system. The number of data streams
for each user is Mg = 4. At the BS, the number of RF
chains is 8, which is equal to the number of data streams.
Fig. 11 and Fig. 12 show the average bandwidth efficiency
and energy efficiency comparison in mmWave MU-MIMO
communication systems. It should be mentioned that in Fig. 11
and Fig. 12, the bandwidth efficiency and energy efficiency are
averaged on a per-user basis. The SU-SVD curve represents

FE, vy = (53)
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the bandwidth efficiency of the SVD solution for all users. Our
simulation results show that the twin-resolution phase-shifter
network achieves near-optimal average bandwidth efficiency at
a significantly reduced power consumption. Note that in Fig. 8
and Fig. 12, the energy efficiency of the fully digital solution
is omitted owing to its extremely high power consumption.

In Fig. 13, we investigate the relationship between the
bandwidth efficiency and the number of users. Each user has
M = 2 data streams. The BS is equipped with Ngp = N, =
UM, RF chains. The SNR in the system is set to 20dB. It is
observed that the bandwidth efficiency increases as the number
of the users increases. Furthermore, the bandwidth efficiency
of the twin-resolution phase-shifter network is always better
than that of the entirely low-resolution phase-shifter network,
and it is close to that of the entirely high-resolution phase-
shifter network. Fig. 14 shows the associated energy efficiency
comparison. The noise power is 02 = 1 and the transmit power
is p = 1W. This demonstrates the superiority of the proposed
dynamic twin-resolution phase-shifter network in MU-MIMO
systems, when the number of users ranges from 2 to 6.
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Fig. 13. Bandwidth efficiency vs. the number of users in MU-MIMO systems.
Npg = 64, Nis = 16, M =2, SNR = 20dB.
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Fig. 14. Energy efficiency vs. the number of users in MU-MIMO systems.
Nps = 64, Nyg =16, Mg =2, p = 1W, 02 = 1.

C. Simulation vs. Theoretical Results

Let us now verify the accuracy of our theoretical derivation
in Fig. 15 and Fig. 16. Two curves are plotted in each
figure. One of the curves shows the bandwidth efficiency
gap acquired by simulations, where the twin-resolution phase-
shifter network using 3-bit high-resolution phase shifters and
1-bit low-resolution phase shifters is adopted. The other curve
represents the bandwidth efficiency gap according to (40)
for point-to-point MIMO systems and (49) for MU-MIMO
systems. It is observed that the simulation results and the
theoretical analysis are consistent.

D. Simulation Results of Wideband Point-to-point MmWave
MIMO Systems

By considering a frequency-selective channel and the classic
OFDM waveform, we extend our dynamic hybrid TPC to
a wideband scenario. Specifically, we design the baseband
TPC matrix by using the SVD method at each subcarrier
for a given analog TPC matrix. For analog TPC design, we
can formulate the optimization problem of maximizing the
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bandwidth efficiency of wideband mmWave MIMO systems
as

P
1 P 5z H fyH
max sz::llogz <‘INS + gz H [P FreFrpH [P]D
(54a)

L (54b)
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where H [p] = W [p] H [p] associated with H [p] represent-

ing the wideband mmWave channel and W [p] the full-
digital combiner at the p-th subcarrier. Then we derive the
upper bound for the OF of the problem (54) in the form of

P
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where Ryp = % 211;1 aH [p] H [p], and (a) holds due to
Jensen’s inequality. We propose to maximize the bandwidth
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Fig. 17. Bandwidth efficiency vs. SNR in wideband mmWave MIMO
systems. Npg = 64, Nyis = 16, Nrp =4, N =4, P = 128.
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Fig. 18. Energy efficiency vs. p in wideband mmWave MIMO systems. Ngg
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efficiency upper bound in wideband mmWave MIMO sys-
tems [2]. Furthermore, we decompose Rwp as Rwp =

~ 1

1 H
Ryp (R\%VB) and adopt some basic mathematical transfor-
mations. We can formulate the analog precoder design problem
of wideband mmWave MIMO system as

] I P (R: ) FrpFl RE
%13;( 08y N5+W WB RFF RrGZWB
(56a)
. 1
st |Fre(i,5)| = : (56b)
Ngs

which has the same form as the problem (13). Thus, the
proposed dynamic hybrid precoding method can be adopted
for solving (56).

We then embark on numerically evaluating the proposed
method in wideband mmWave MIMO systems. The parame-
ters are the same as those of the narrow-band point-to-point
mmWave MIMO systems except that the bandwidth is set
to 2GHz, the number of subcarriers is set to 128, and the
cyclic prefix length is set to 32. As shown in Fig. 17 and Fig.
18, in wideband mmWave MIMO systems, the twin-resolution



phase-shifter network has a near-optimal bandwidth efficiency
associated with dramatically improved energy efficiency. The
trends are the same as those in narrow band scenarios. Since
the analog TPC is frequency-independent and the channels in
all subcarriers have to be taken into account during the design
of Frp, the bandwidth efficiency and energy efficiency are
slightly lower than those in narrow band scenarios.

VII. CONCLUSIONS

In this paper, we proposed a twin-resolution phase-shifter
network. Furthermore, we proposed a dynamic hybrid TPC
method for jointly designing the phase-shifter array pattern and
hybrid TPC matrix. The proposed method was then slightly
modified, when the phase-shifter array pattern was fixed. The
proposed method was then further extented to MU-MIMO
communication systems. Our simulation results show that the
network advocated achieves near-optimal bandwidth efficiency
at a drastically reduced power consumption. We also derived
the bandwidth efficiency gap between the fully digital solution
and the proposed method. In the future, we will focus on the
energy efficiency optimization of similar techniques.

APPENDIX A
DERIVATION OF (24)

To derive (24), we have the following equations.
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